Introduction
It is now well established from experiments in vivo and in vitro that the ability to produce oestrogens and the establishment of a fully active aromatase enzyme system play a central role in the successful development of ovarian follicles (Hsueh et al, 1984; Hutz, 1989; Tsang et al, 1985) .
Insights into the biochemistry of steroid synthesis have indicated that several steps in the pathway leading to the production of ovarian oestrogen are catalysed by enzymes of the cytochrome P450 superfamily. Of these enzymes, 17a-hydroxylase cytochrome P450 (P45017a), P450scc and P450arom have been localized within different cell types in the pig ovary (Conley et al, 1994) . In the follicular phase of the oestrous cycle, the production of oestrogen by preovulatory follicles in response to gonadotrophic stimulation results from the concerted action of both theca and granulosa cells and the co-ordinated expression of this triad of enzymes (Guthrie et al, 1994) .
Although the primary role of gonadotrophins in the stimulation of ovarian function is established (Foxcroft and Hunter, 1985; Guthrie and Bolt, 1990; Conley et al, 1994) , the mechanisms regulating these processes are not fully effects of hormonal treatments on steroidogenesis (Erickson et al, 1979; Ham and McKeehan, 1979; Ford and Lunstra, 1992 ). The addition of serum provides a complex mixture of hormones, nutrients, and growth and attachment factors that are necessary to support cell proliferation. However, interpretation of these studies has been complicated by the inhibitory effects of serum on follicular-type granulosa cell function. These effects are associated with increased cell proliferation (Erickson et al, 1979; Orly et al, 1980) . Typically, in the presence of serum, granulosa cell monolayers rapidly lose the ability to secrete oestrogen, the key biochemical marker of follicular phenotype in these cultured cells (Henderson and Moon, 1979; Haney and Schomberg, 1981;  May and Schomberg, 1984) .
A more physiologically acceptable approach is the use of chemically defined serum-free culture systems which allow more detailed examination of factors regulating both replication and cytodifferentiation of ovarian cells. To date, different approaches have been used for the serum-free culture of granulosa cells, including totally serum-free systems (Barnes and Sato, 1980; Mondschein et al, 1989) , and those that use fibronectin (Ford and Lunstra, 1992) , collagen (Lino et al, 1985a,b) or precoating with FCS (Wrathall and Knight, 1993) to aid cellular attachment. In culture systems including serum, it is possible to measure oestradiol production in the first 48 h of culture after which, characteristically, aromatase activity declines exponentially as the cells luteinize (May and Schomberg, 1981; Stoklosowa et al, 1982) . This is also possible with systems in which attachment factors are used (Buck and Schomberg, 1987) .
The terminal differentiation of the cultured cells is indicated by a marked increase in progesterone secretion in response to stimulation by FSH. Improved serum-free culture methods have been reported for ovine and bovine granulosa cells (Campbell et al, 1996; Gutierrez et al, 1997) . The (May and Schomberg, 1981, 1984; Buck and Schomberg, 1987; Ford and Lunstra, 1992; Wrathall and Knight, 1993; Howard and Ford, 1994) At the end of culture, the effect of treatments on the number of viable cells and cell morphology was assessed by measuring the uptake of the vital dye neutral red after a 3 h incubation period (Borenfreund and Puerner, 1984; Campbell et al, 1996 
Assays
The concentrations of oestradiol (Expts 1 and 2) and inhibin pl-26a subunit (Expt 2) were assessed in unextracted culture medium using radioimmunoassays (Webb et al, 1985; McNeilly et al, 1989) . Progesterone concentration (Expt 2) was measured using a commercially available ELISA kit (Ridgeway Science Ltd, Alvington). The sensitivities of the oestradiol, progesterone and inhibin assays were 1.4,1.5 and 35.0 ng ir1, respectively. The intra-and interassay coefficients of variation were 2.7 and 20.0%, 14.4 and 15.5%, and 6.5 and 11.8% for oestradiol, progesterone and inhibin, respectively. (Fig. 2b) . In contrast, all granulosa cells cultured in the presence of serum formed flattened epithelioid monolayers (Fig. 2c) . (Fig. 3a,e) absence of serum (Fig. 3b,f (Fig. 4a,b) . A similar dose-dependent effect of FSH on progesterone production after 144 h of culture was observed for SGCs cultured with FCS (Fig. 4c,d ). At 1 pg FSH l"1 there was an increase in the amount of progesterone produced (P < 0.01; Fig. 3c There was a significant effect of FSH (P < 0.01) on inhibin production by both LGCs and SGCs at each time point of culture in Expt 2. Furthermore, inhibin production was significantly higher in all cells cultured with FCS (P < 0.01; Fig. 4) , irrespective of the source of the cells. In addition, there was a significant interaction between FSH and FCS (P < 0.01) for LGCs after 144 h of culture. After 144 h of culture in the presence of serum, there was a dose-dependent increase (P < 0.01) in inhibin production over control values in response to concentrations of > 1 pg FSH I-1. Similar responses (P < 0.01) were recorded for SGCs cultured with FCS (Fig. 3h) . In the absence of serum inhibin production decreased between 48 (Fig. 3d,h ). This effect was significant (P < 0.05) for LGCs. In the first 48 h of culture, overall inhibin production was higher in cells from large follicles (P < 0.01) than in those from small follicles. However, this difference was not apparent after 144 h of culture. (Grant et al, 1989; Hunter et al, 1994) . This is in marked contrast to the exponential decline in oestradiol production after 24 h using the more conventional culture methods of Expt 1 (Wrathall and Knight, 1993 (Campbell et al, 1996) and cattle (Gutierrez et al., 1997 (Maruo et al, 1988; Grant et al, 1989) and for incubation of whole pig follicles (Picton and Hunter, 1995 (May and Schomberg, 1981, 1984; Maruo et al., 1988) , in plates precoated with serum (Wrathall and Knight, 1993) or attachment factors (Lino et al, 1985a,b; Ford and Lunstra, 1992) and in serum-free medium (Mondschein et al., 1989) , in which it was not possible to maintain measurable oestradiol production after 48 h of culture. In the majority of these studies, the success of the culture system was judged by the ability of the cells to maintain their attachment to the culture vessel and by the establishment of epithelioid monolayers that are morphologically similar to those obtained when cells are cultured with serum (May and Schomberg, 1981) . May and Schomberg (1981) (Maruo et al, 1988) . The concentrations of insulin and long R3 IGF-I and the plating density of the cells used in Expt 2 were based on data published for ovine cells (Campbell et al, 1996) (1985) reported that intrafollicular concentrations of IGF-I and insulin were 63 ± 17 and 0.6 ± 0.07 pg l·1, respectively, in small follicles and 104 ± 12 and 0.45 ± 0.04 pg l"1, respectively, in large follicles. These data, in conjunction with the results for ovine (Campbell et al, 1996) and bovine cells (Gutierrez et al, 1997) , indicate that there are species specific differences in the culture requirements for the induction and maintenance of oestrogen production by granulosa cells harvested from follicles of a similar differentiated status from each species. These critical differences include the ratio of the two metabolic hormones insulin and IGF-I and the optimal plating density of the cells.
Furthermore, the differences in the FSH concentrations required to stimulate oestradiol production after 144 h of culture among these species cannot be totally attributed to differences in the biological potency of the purified FSH preparations used in each of the studies.
Low but measurable oestradiol production and aromatase mRNA expression were maintained in LGCs cultured in the presence of serum in Expt 2. This was in contrast to the rapid decline in oestradiol production measured in Expt 1. These data highlight the requirement of optimized concentrations and combinations of FSH, insulin, long-R3 IGF-I and cell plating density for the maintenance of oestradiol production and the retention of follicular-type characteristics in vitro (as seen in Expt 2). Once these components of the culture system have been optimized (Campbell et al, 1996; Gutierrez et al, 1997) (Michel et al, 1989) . In contrast to the present results, Michel et al (1989) reported that the ability of granulosa cells to produce inhibin decreased during extended culture. In addition, low inhibin secretion has been reported during the luteal phase of the pig oestrous cycle (Hasegawa et al, 1988) and for cultured pig luteal cells (Michel et al, 1989) (Campbell et al, 1996; Gutierrez, et al, 1997) . Therefore, it is highly unlikely that the clumped morphology is indicative of stress and partial cell lysis in cultured pig cells. Indeed, marked differences in cell morphology have been observed in rat and human granulosa cells cultured with or without serum or extracellular matrix proteins (Furman et al, 1986; Amsterdam and Rotmensch, 1987 Ford and Lunstra (1992) reported that pig mural granulosa cells formed tightly bound aggregates that retained higher oestradiol production in vitro than cells aspirated with follicular fluid. In the present study, the cell populations were harvested by rigorous repeat pipetting (SGCs) (Ben-Rafael et al, 1988) . While the formation of a network of gap junctions may be responsible for the maintenance of oestradiol production by the cultured cells in the present study, the oestradiol produced may further enhance cell-cell communication by increasing intercellular processes and gap junctions, and FSH-stimulated progesterone production (Hutz, 1989) . The presence of two distinct cell types (rounded clumped cells and spindle-shaped cells) have been reported in serum-free cultures of ovine (Campbell et al, 1996) and bovine granulosa cells (Gutierrez, et al, 1997) . The significance of different morphologies in the serum-free cultured cells has yet to be fully evaluated.
In conclusion, these results demonstrate the development of a long-term serum-free culture system for pig cells that supports the maintenance of normal differentiated granulosa cell function in vitro. Both the activity and expression of the steroidogenic enzymes P450arom and P450scc, which are responsible for the production of oestradiol and progesterone by these cultured cells, were regulated in an FSH-dependent manner. Exploitation of this physiologically relevant culture system for the extended culture of pig cells will facilitate evaluation of the possible paracrine and autocrine pathways involved in regulating the development of follicular hierarchy in this polyovular species.
